We have studied the epitaxial growth of silicon using molecular-dynamics techniques.
the substrate as is done in the laboratory. The atoms interact via a potential developed by Stillinger and Weber to simulate the bulk properties of Si. We find that at low substrate temperatures the growth is not well ordered; this is in accordance with experimental observation. It is precisely the opposite of what occurs in spherically symmetric potentials that were used to simulate the growth of metallic films. At higher substrate temperatures the growth is into properly stacked, crystalline Si layers. In contrast to the growth of metals (spherically symmetric potentials), the atomic mobility on the growing surface and the thermal conductivity of the system are much lower for Si; the results of this simulation and those of our previous work are in agreement with experimental observations showing, as expected, that a major determining factor in epitaxial growth of films is the nature of the interaction potential.
Epitaxial growth from the vapor phase is a subject of much current interest. ' This is motivated by the unique physics and materials which can be studied using this technique, and by important applications in the fields of semiconductors, magnetism, and The diff'erence in energies between these two structures, however, has been calculated to be much smaller than the difference between diamond and other structures (sc, Ptin, hcp, fcc, and bcc). Also, one does not expect the SW potential to reproduce the rather complicated 7 x 7 reconstruction of the Si (111) Fig. 5 ).
The equations of motion are solved numerically with an integration step h, t, and the trajectories of all atoms are followed throughout the simulation as in all standard molecular-dynamics calculations. On a Cray-XMP computer about 68 h CPU time is required to deposit 2500 atoms. Figure 1 shows the particle density in the z direction, i.e. , the direction perpendicular to the substrate, after the deposition of 1828 particles at a temperature T, =0. After the first three layers, i.e. , beyond z =3.0 in Fig. 1 , the atomic distribution is random without any evidence for layered growth. The particle arrangement in the plane of the film shows no evidence for crystallinity; without going into a detailed structural analysis it is appropriate to characterize the structure as being akin to an amorphous material, as shown in Fig. 2 . This is opposite to what was In order to extract the thermal motion, the system has been cooled to a low temperature without further deposition.
found earlier using a Lennard-Jones potential where even at the lowest substrate temperatures the growth was into a layered, crystalline structure. Our finding of an amorphous growth for Si at low substrate temperature is in agreement with experimental results which invariably produce an amorphous type of structure. ' Note the large number of 5-7-membered rings observable in Fig. 2 .
Long time (30000dt) annealing of this structure (at low temperature) did not change these results.
The growth at an intermediate temperature is quite diA'erent, as illustrated in Fig. 3 after the deposition of 2492 particles at an adsorbate temperature T=0.04. In this case, the growth is into a layered structure as shown in the figure. Note that not only is a!ayered structure obtained but that the proper stacking distances corresponding to the Si(111) direction persists over 9 layers. The Figure 4 (b) exhibits a grain boundary between two differently stacked regions in the second deposited layer (lower right-hand corner). Such grain boundaries were found to heal at comparable temperatures for the LJ potential.
in-plane structure, however, exhibits some disorder. This is illustrated by an in-plane plot of the atomic positions of two adjacent layers [ Fig. 4(a) In order to understand the origin of the differences between the two kinds of simulation, i.e. , metallic versus silicon, we have followed the atomic trajectories of particles for 5000ht in a vertical slice of the sample (Fig. 5 ). The figure shows that the atomic mobility in the growing front is somewhat higher than in the bottom layers. A comparison of similar trajectory plots for the Lennard-Jones (LJ) (Fig. 4 
